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Abstract

Modifications on DNA and RNA, even at trace levels, play critical roles in diverse biological processes, yet their accurate quantification and dis-
covery of novel modified constituents remain challenging. Here, we present a metabolic (deoxy)ribose-labeling approach integrated with multiple
reaction monitoring mass spectrometry (MRM-MS) to enable sensitive and untargeted detection of nucleic acid modifications. In this approach,
[U-8Clglucose is used to generate an ~1:1 ratio of '3Cs-labeled and unlabeled deoxyribose moieties in vivo, followed by MRM-MS acquisition
of neutral-loss transitions corresponding to both isotopic forms. This isotopic pairing facilitates the differentiation of endogenous nucleosides
from contaminants and allows confident assignment of authentic nucleoside signals. Applying this method to mouse embryonic stem cells,
we detected rare nucleoside species such as 5-formylcytosine and 5-carboxycytosine, present at frequencies as low as one in 108-107 bases.
In contrast, peaks assigned to N®-methyladenine (6mA) lacked a labeled counterpart, suggesting that previously reported 6mA in mammalian
DNA may arise from RNA misincorporation or artifacts introduced during the processing of isolated DNA. Analysis of formaldehyde-treated DNA
revealed several previously unreported adducts, including N*-hydroxymethyl-5-hydroxymethylcytosine (4hm5hmC, or dihmC). Collectively, this
(deoxy)ribose-labeling strategy provides a robust and sensitive platform for untargeted nucleoside profiling and the discovery of uncharacterized
nucleic acid modifications.
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2 Rongetal

Introduction

DNA and RNA modifications play crucial roles in regulat-
ing cell identity and activity by modulating gene expres-
sion without altering the underlying genetic sequences. To
date, over 170 distinct modifications have been identified
in RNA [1], and >17 have been reported in DNA [2].
Among vertebrate genomes, 5-methylcytosine (SmC) installed
by DNA methyltransferases (DNMTs) is the most abundant
DNA modification. The oxidized derivatives of SmC—35-
hydroxymethylcytosine (ShmC), 5-formylcytosine (5fC), and
S-carboxycytosine (5caC)—are generated by the ten—eleven
translocation (TET) family of dioxygenases and occur at lev-
els that are two to four orders of magnitude lower than that
of the SmC precursor. Additionally, rare modifications such
as 5-hydroxymethyluracil (5hmU) and 5-formyluracil (5fU),
likely produced by TET enzymes, are present at sub-ppm levels
in mammalian genomes [3, 4]. Despite their low abundance,
these SmC oxidation products appear to be indispensable for
gene regulation, such as suppressing aberrant splicing (e.g.
ShmC) [5] and modulating RNA polymerase activity (via 5fC
and 5caC) [6, 7]. Nevertheless, the full spectrum of modified
nucleic acids and their profound roles in fine-tuning transcrip-
tional and epigenetic processes remain largely unexplored,
leaving open the possibility that undiscovered rare modifica-
tions could further advance our understanding of gene regu-
lation and cellular function.

Beyond the nucleoside modifications well-characterized in
vertebrate genomes, a diverse array of distinct nucleobase
modifications has been identified across other domains of
life. In prokaryotes and lower eukaryotes, N°-methyladenine
(6mA) and N*-methylcytosine (4mC) are prevalent [2, 8],
alongside hypermodified bases like 5-glyceryl-methylcytosine
(5gly-mC) [9] and B-d-glucopyranosyloxymethyluracil (base
J) [10]. Even greater chemical diversity has been observed in
bacteriophages, where nucleobases conjugated to amino acids,
polyamines, and sugars have been detected [11]. These mod-
ifications play epigenetic roles or function in host-pathogen
defense and counter-defense mechanisms [2, 11]. The discov-
ery of such a wide spectrum of nucleobase modifications has
spurred efforts to explore novel DNA modifications in higher
eukaryotes, particularly in mammals and in specific organelles
such as mitochondria and chloroplasts. However, the exis-
tence of certain modifications—such as SmC reported in mito-
chondrial DNA and 6mA, 4mC, and 4acC in the mammalian
genome—remains contentious, largely due to technical lim-
itations and potential artifacts. Although some studies have
reported their detection at trace levels using high-throughput
sequencing and mass spectrometry [12-18], others using the
same methods have failed to confirm their presence [19-22].
These inconsistencies highlight the complexity of detecting
rare modifications and underscore the need for more robust
strategies to distinguish genuine DNA modifications from po-
tential artifacts. Identifying new and biologically relevant nu-
cleobase modifications remains a critical frontier in life sci-
ences, with profound implications for understanding gene reg-
ulation, cellular processes, and disease etiology.

The identification and quantification of nucleobase mod-
ifications are critically influenced by the choice of analyti-
cal platform. While traditional techniques such as thin-layer
chromatography have enabled the discovery of novel base
derivatives, they require radioactive labeling (3*P or *H) and
offer limited resolution and structural information [23-25].

In contrast, liquid chromatography-mass spectrometry (LC-
MS/MS) has emerged as a powerful and versatile tool for
both the detection and structural elucidation of DNA mod-
ifications [9, 24-27]. Multiple reaction monitoring (MRM), a
scanning mode unique to QqQ-MS, enables sensitive detec-
tion of predefined precursor—product ion transitions. By con-
figuring the first quadrupole (Q1) and the second quadrupole
(Q3) to a constant 116-Da mass offset—corresponding to
the characteristic neutral loss of a deoxyribose moiety dur-
ing fragmentation—MRM can be adapted to scan for transi-
tions from [M + H]" to [M + H - 116]" across a selected
m/z range [28]. This approach, later termed pseudo-neutral
loss (PNL) or stepped MRM [28, 29], enables untargeted de-
tection of deoxynucleosides with broad coverage and oper-
ational efficiency. However, the unit resolution of QqQ in-
struments (typically 0.5-1 Da) limits the specificity of such
scans. A 116-Da neutral loss is not exclusive to deoxyribose
and may arise from structurally unrelated compounds, rais-
ing the possibility of false positives. This inherent limitation
in mass selectivity presents a major challenge for accurate an-
notation of nucleoside-derived signals. To fully harness the
screening efficiency and reduce the risk of misidentification
in MRM analyses, it is imperative to implement orthogonal
strategies that enhance molecular specificity and thereby en-
able the reliable identification of genuine nucleoside-derived
features.

To address the challenge of distinguishing true nucleoside-
derived ions in QqQ-MS analysis, we developed a dual neu-
tral loss scanning strategy based on in vivo labeling of nucle-
osides with a 1:1 ratio of "*C- and >C-isotopes in the (de-
oxy)ribose. By culturing mouse embryonic stem cells (mES)
with [U-13Clglucose, a subset of (deoxy)ribose units in DNA
and RNA molecules were heavy-isotope labeled, establish-
ing a near-equimolar distribution compared with the light
isotopologues. MRM monitors neutral-loss transitions from
both 3C- and >C-incorporated forms, and peaks exhibiting
matched intensities between the isotopologues are interpreted
as authentic nucleoside species. This isotopic paring signifi-
cantly enhances molecular specificity while maintaining high
sensitivity, allowing reliable detection of rare modifications
present at frequencies as low as one per 10°~107 bases, exem-
plified by the ready detection of 5fC and 5caC in mES DNA.
It also enabled discrimination between endogenous modifica-
tions and artifactual species, as shown by the reinterpretation
of previously reported 6mA as a likely contaminant. Appli-
cation of this method to formaldehyde (FA)-treated genomic
DNA revealed several novel nucleoside species undetected by
conventional MS workflows, including N*-hydroxymethyl-$-
hydroxymethyl-cytosine (hereafter referred to as dihmC), a
labile DNA modification with an estimated half-life of ~25
min. Together, our findings establish the use of both 3C-
and '?C-incorporated (deoxy)ribose as an effective orthog-
onal strategy to improve the authenticity and specificity
of nucleoside identification, offering a robust platform for
high-throughput discovery of previously unrecognized DNA
modifications.

Materials and methods

Reagents

The following chemicals were used for LC-MS/MS: methanol,
acetonitrile (ACN), formic acid, acetic acid (AA), ammonium
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formate, ammonium acetate, and ammonium bicarbonate, all
of which were of LiChropur™ grade and purchased from
Sigma—Aldrich (St. Louis, MO, USA). Malic acid (MA), 3,5-di-
tert-butyl-4-hydroxytoluene (BHT), and deferoxamine mesy-
late salt (DFOA) were also obtained from Sigma-Aldrich. The
deaminase inhibitor tetrahydrouridine (THU) and erythro-
9-(2-hydroxy-3-nonyl)adenine hydrochloride (EHNA) was
sourced from MedChemExpress (Princeton, NJ, USA). All
deoxynucleotides and [U-'3Clglucose were procured from
Z7Bio (Shanghai, China).

Cell culture and isotope labeling

The wild-type (WT) and DNMT triple knockout (DNMT
TKO) mES cells were maintained on 0.1% gelatin-coated
plates and cultured in DMEM without glucose (GIBCO),
supplemented with 20 mM [U-3Clglucose and 5 mM [U-
12CJglucose (Sigma), 15% FBS (GIBCO), 2 mM L-glutamine,
0.1 mM nonessential amino acids (GIBCO), 1 mM sodium
pyruvate (GIBCO), 0.1 mM B-mercaptoethanol (f-Me), 1 x
Pen/Strep, 3 uM CHIR99021, 1 uM PD0325901, and 1000
U/ml mouse LIF (Sigma—Aldrich). Cells were plated at a den-
sity of 1 x 10° cells per 10 cm dish and cultured under these
conditions for 48 h.

DNA and RNA purification and enzymatic
hydrolysis

Genomic DNA was extracted following a modified protocol
based on the method reported by the Thomas Carell group
[30], using the QIAGEN AllPrep DNA/RNA Mini Kit sup-
plemented with protectants. This kit allows completion of the
isolation process within 1 h, thereby mitigating the degrada-
tion issue. The isolation and hydrolysis of genomic DNA and
RNA often require the use of various chemical and enzymatic
reagents, which can inadvertently damage nucleobases or de-
grade labile modifications [30-32]. Antioxidants, including
BHT (200 uM), DFOA (200 uM), B-Me (0.1%), along with
the deaminase inhibitors THU (200 uM) and EHNA (200
uM), were added into all buffers to reduce background oxi-
dation or deamination (Supplementary Fig. S1A). Elution was
performed using ddH,O supplemented with 200 uM BHT
and DFOA, and the eluates were stored at —80°C for long-
term preservation.

To minimize incubation time for complete hydrolysis of
DNA or RNA, the digestion protocol was as follows. A to-
tal of 100 ug genomic DNA or RNA was dissolved in 100
ul ddH,O. To this, 2 ul of 50 x ND1 buffer (1 M NH4Ac,
pH 5.3 and 50 mM MgCl,) was added, followed by 100 U
of Nuclease P1 (New England BioLabs) and 10 U of DNase I
(Takara) or 100 pg RNaseA. The reaction mixture was in-
cubated at 37°C for 30 min to break down these oligonu-
cleotides into mononucleotides (Supplementary Fig. S1B and
C). Subsequently, 5 ul of 10 x CIAP buffer (Takara) and
30 U of Calf Intestinal Alkaline Phosphatase (CIAP, Takara)
were added to the mixture, followed by incubation at 37 °C
for 1 h to ensure >99.9% dephosphorylation of mononu-
cleotides (Supplementary Fig. S1D and E). Before LC-MS/MS
analysis, the reaction mixture was filtered using a 3K ul-
trafiltration tube (PALL) to remove macromolecular sub-
stances such as proteins, and the filtrate was collected for
analysis.

Chromatographic conditions

The LC-MS/MS analysis was conducted using a coupled sys-
tem comprising a 1290 Infinity Il UHPLC (Agilent) and a 6500
+ QTRAP mass spectrometer (AB SCIEX).

To enable the detection of a wide range of nucleosides with
good separation and high sensitivity, a reversed-phase liquid
chromatography (RPLC) and a hydrophilic interaction lig-
uid chromatography (HILIC) were employed. The Waters AC-
QUITY Premier HSS T3 column (RPLC, 1.8 um, 2.1 x 150
mm) was operated at a flow rate of 0.3 ml/min with a column
temperature of 40°C, and the ACQUITY Premier BEH Amide
column (HILIC, 1.7 pum, 2.1 x 150 mm) was operated at a
flow rate of 0.4 ml/min with a column temperature of 45°C. A
selection of 16 deoxyribonucleosides and 14 ribonucleosides,
both modified and unmodified, was used for assessing chro-
matographic conditions. Previous studies have shown that
ammonium bicarbonate in RPLC [33-35] and MA in HILIC
[36, 37] can enhance the detection of modified nucleosides.
Various mobile phase additives, including formic acid [38],
AA[39](0.1% in RPLC and 0.2% in HILIC), ammonium for-
mate [40] (pH = 3), ammonium acetate [41] (10 mM, pH = §,
7, and pH 9.0), and ammonium bicarbonate (2 mM and 10
mM) with or without MA, were evaluated, with details of the
comparison experiment provided in Supplementary Fig. S2.
MS signals of all tested nucleosides under different condi-
tions were summed for comparison. The RPLC condition em-
ployed mobile phase A (ddH,O with 0.1% AA with 50 uM
MA) and mobile phase B (methanol with 0.1% AA and 50
uM MA). The gradient program was as follows: 0-1 min
(0%-2.5% B), 1-5 min (2.5%-4% B), 5-10 min (4%-5%
B), 10-20 min (5%-15% B), 20-21 min (15%-80% B), fol-
lowed by a 4 min wash at 80% B and a 5 min equilibration
at 0% B. The HILIC condition used mobile phase A (95%
ACN with 0.2% AA and 50 uM MA) and mobile phase B
(50% ACN with 0.2% AA and 50 uM MA). The gradient
program was: 0-10 min (0%-1% B), 10-15 min (1%-10%
B), 15-20 min (10%-30% B), 20-21 min (30%-50% B), fol-
lowed by a 4 min wash at 80% B and a 5 min equilibration at
0% B.

Mass spectrometric conditions

Several parameters were evaluated on the 6500 + QTRAP
mass spectrometer to optimize sensitivity and minimize
DNA and RNA modification fragmentation within the ion
source. Design of Experiment approach with Minitab soft-
ware [Minitab, LLC, Sate College, PA, USA, (2019)] was used,
employing a Box-Behnken design to identify key variables
and their interactions [42]. The analysis revealed that ion
spray voltage (IS), ion source temperature (TEM), collision en-
ergy (CE), and declustering potential (DP) significantly influ-
enced the MS response of nucleosides, while other parameters
had relatively minor effects (Supplementary Fig. S3A). Among
these, the IS was set to 5500 V for both liquid chromatography
modes. Detailed adjustments for other parameters are shown
in Supplementary Fig. S3B-E. The final MS parameter settings
were as follows: for RPLC, the TEM was 400°C, CE 20 eV, DP
50 V, IS 5.5 kV, curtain gas (CUR) 25 psi, the gas 1 (GS1) 55
psi, and gas 2 (GS2) 59 psi; for HILIC, the TEM was 350°C,
CE 20 eV, DP 50 V, IS 5.5 kV, CUR 31 psi, GS1 50 psi, and
GS2 47 psi. Remaining parameters were set to the instrument’s
default values. Hydrolytes were analyzed in positive ion mode
with an electrospray ion source (ESI).
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Nucleic acid modification analysis

To minimize potential contamination of the ESI source, the
eluent from the first minute of each LC run was diverted
to waste. Commons salts, isotopomers, known artifacts, and
potential background noise were systematically excluded to
reduce analytical interference. An analysis of monoisotopic
masses (MW < 400 Da) from curated DNA and RNA mod-
ification databases [1, 43, 44] revealed that 99.9% of their
decimal mass fractions follow a normal distribution centered
at 0.1 + 0.1 Da (Supplementary Fig. S3F). For deoxyribonu-
cleoside detection, an MRM method was employed, covering
precursor — product ion transitions ranging from m/z 226.1
— 110.1 to m/z 380.1 — 264.1, with a 1.0 Da step size across
an approximate span of 150 Da. Each sample was analyzed
in two injections to increase coverage. the first injection in-
cluded transitions from m/z 226.1 — 110.1 to m/z 305.1 —
189.1 and m/z 231.1 — 110.1 to m/z 310.1 — 189.1. The
second injection covered m/z 306.1 — 190.1 to m/z 380.1
— 264.1 and m/z 311.1 — 190.1 to m/z 385.1 — 264.1. A
dwell time of 5 ms was applied per transition. To focus on
rare or modified species, transitions corresponding to canon-
ical deoxyribonucleosides—specifically, m/z 228 or 233 —
112 ([dC or (dC + 5) + H]"), m/z 243 or 248—127 ([dT or
(dT + 5) + H]"), m/z 252 or 257 — 136 ([dA or (dA + 5) +
H]"), and m/z 268 or 273 — 152 ([dG or (dG + 5) + H]")—
were excluded from the analysis.

A similar MRM strategy was applied to ribonucleosides,
with transitions spanning from m/z 242.1 — 110.1 to m/z
396.1 — 264.1. The first injection targeted m/z 242.1 —
110.1 to m/z 321.1 — 189.1 and m/z 247.1 — 110.1
to m/z 326.1 — 189.1, the second covered m/z 322.1 —
190.1 to m/z 396.1 — 264.1 and m/z 327.1 — 190.1 to
m/z 401.1 — 264.1. Transitions associated with canonical
ribonucleosides—m1/z 244 or 249 — 112 ([rC or (rC + 5) +
H] "), m/z 245 or 250 — 131 ([rU or (rU + 5) + H]™), /2 268
or 273 — 136 ([rA or (rA + 5) + H]"), and m/z 284 or 289
— 152 ([rG or (rG + 5) + H]*) —were similarly excluded.

Authentic signals were defined by the concurrent detection
of isotopologue pairs: either [M + H|T — [M + H - 116]"
and [ M+ 5+ H]" - [M+ 5 +H-121]%, or [M + H|"
S M+H-132]*and [M + S + H* - [M+ 5+ H-
137]", with each transition exhibiting a signal-to-noise (S/N)
ratio > 2 and an intensity ratio between heavy and light forms
ranging from 0.5 to 2. This isotopic criterion ensured confi-
dent identification of modified nucleosides while eliminating
spurious or artifactual peaks.

LC-HR-MS/MS analysis using SWATH and IDA
(DDA-MS?)

High-resolution, nontargeted profiling of deoxynucleosides
was performed using a workflow integrating SWATH acqui-
sition [45] and IDA/DDA-MS? [46, 47]. Analyses were con-
ducted on a SCIEX TripleTOF 6600 + mass spectrometer
coupled to a Shimadzu LC-40 UHPLC system. Chromato-
graphic separation was achieved on a Waters ACQUITY HSS
T3 column (1.8 um, 2.1 x 100 mm) maintained at 40°C with
a flow rate of 0.2 ml min~!. Mobile phase A consisted of
ddH,O with 0.1% AA and 50 uM MA, and mobile phase
B consisted of methanol with the same additives. The gradi-
ent was as follows: 0—1 min, 0%-2.5% B; 1-5 min, 2.5%-4%
B; 5-10 min, 4%-5% B; 10-20 min, 5%-15% B; 20-21 min,
15%-80% B; followed by a 4-min wash at 80% B and a 4-min

re-equilibration. Ionization was performed on an OptiFlow®
Turbo V ESI source operated in positive mode with settings
slightly modified from those recommended for the 6500 +
platform: spray voltage 5500 V, source temperature 400°C,
CUR 25 psi, GS1 55 psi, and GS2 60 psi.

For SWATH acquisition, 12 variable windows were gener-
ated using the SWATH® Variable Window Calculator (v1.1,
SCIEX), applying a 1 m/z overlap at the low-mass edge. MS'
spectra were collected over m/z 200-500 with a 50 ms accu-
mulation time, a DP of 50 V, and a CE of 5 eV to minimize
in-source fragmentation. SWATH-MS? spectra were acquired
in high-sensitivity mode over m/z 50-500 using 120 ms per
window with DP = 50 V, CE = 15 eV, and a CE spread of
5 €V, resulting in a total cycle time of 1.1 s. SWATH data
were processed using NumoFinder, a search engine that in-
corporates known nucleic acid modifications curated in the
Modomics and DNAmod databases [45], as well as SCIEX
OS 2.0 with the Fragment and Neutral Loss Filter plug-in,
in which targeted extraction of the characteristic deoxyri-
bose neutral loss was performed using a mass window of
116.0473 4 0.005 Da. For NumoFinder-based analysis, data
interrogation was constrained to the characteristic deoxyri-
bose neutral loss (116.04734 Da), with MS' and MS? mass
tolerances set to 10 ppm and all remaining parameters kept at
default values.

For IDA (DDA-MS?), MS' scans were acquired over m/z
200-500 in high-sensitivity mode with a 200 ms accumula-
tion time. The top 10 precursors above 100 cps were isolated
for fragmentation, with 50 ms per MS? event, yielding a total
cycle time of 0.83 s. To mitigate the inherent bias of the Top-
10 DDA strategy toward high-abundance ions and to prevent
low-abundance modified nucleosides from being masked by
background signals, an inclusion list was implemented. Specif-
ically, the m/z values corresponding to SmC, ShmC, 5fC, and
ScaC were added to the inclusion list to force MS? acquisi-
tion of these species regardless of their MS! intensities. IDA
datasets were analyzed with SCIEX OS 2.0 using the Frag-
ment and Neutral Loss Filter plug-in.

FA treatment of genomic DNA

A FA solution was prepared by diluting a 37% (w/v) aque-
ous FA solution with phosphate buffered saline (PBS). Isotope-
labeled genomic DNA isolated from mES cells was used in the
reaction. In a 100 pl reaction, 100 ug of DNA was incubated
with 25 mM FA at 37°C for 3 h. For the control DNA, the
FA solution was replaced with an equal volume of 1 x PBS.
Following the reaction, sodium acetate was added to a final
concentration of 300 mM, and the mixture was thoroughly
mixed. An equal volume of isopropanol was then added to
precipitate the DNA. The resulting DNA pellet was dissolved
in 100 ul of ddH,O for subsequent analysis.

Preparation of N*-hydroxymethyl-deoxycytidine
standards

Solutions (1 mM) of three deoxynucleosides—deoxycytidine
(dC), 5-methyl-deoxycytiDIne (5mC), and 5-hydroxymethyl-
deoxycytitidine (ShmC), along with their respective isotopi-
cally labeled counterparts (*N3-dC, '’ N,,"3C-5mdC, and D3-
5ShmdC) were prepared in 100 mM ammonium acetate buffer
(pH 7.0). Each solution was incubated with excess FA (final
concentration: 50 mM) at 37°C for 2 h. The reaction progress
was monitored by high performance liquid chromatography
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with ultraviolet (UV) detection. In each reaction, two ma-
jor UV-absorbing peaks were observed: the earlier-eluting
peak corresponded to the untreated starting nucleoside, while
the later-eluting peak represented the N*-hydroxymethylated
adduct. The identity of each product was confirmed in MRM-
IDA-EPI mode.

Low resolution MS for DNA adduct identification

Candidate deoxynucleoside fragments were acquired using an
MRM-information-dependent acquisition-enhanced product
ion scan (MRM-IDA-EPI) approach. EPI scans were automat-
ically triggered by MRM features that met predefined acqui-
sition criteria. These ions were dynamically added to the in-
clusion list for fragmentation. Each MRM transition was as-
signed a dwell time of 5 ms. EPI scans were conducted in the
ion trap over an m/z range of 50-400, at a scan rate of 10
000 amu/s, with dynamic filling enabled. The intensity thresh-
old for scan triggering was set at 2000 counts per second (cps),
with a mass tolerance of 250 milli Daltons (mDa) and a detec-
tion window of 1. All other parameters were consistent with
those described previously.

Targeted DNA adducts analysis by HRMS

Targeted analysis of DNA adducts was performed using a
Nexera LC-40 system (Shimadzu) coupled to a Q EXactive
Plus HRMS (Thermo Fisher Scientific). Chromatographic sep-
aration was carried out on an HSS T3 column (1.7 pm,
2.1 x 100 mm) maintained at 35°C, with a flow rate of 0.3
ml/min. The mobile phases consisted of (A) 100% water with
0.1% formic acid and (B) methanol with 0.1% formic acid.
The gradient program was as follows: 0-1 min, 0% B; 1-1.1
min, linear increase to 5% B; 1.1-2.5 min, hold at 5% B;
2.5-2.6 min, ramp to 80% B; 2.6-3.0 min, wash at 80% B;
and 3.0-6.0 min, re-equilibration at 0% B.

Mass spectrometric detection was performed in positive ion
mode using a heated electrospray ionization source. Source
conditions were as follows: sheath gas flow at 40 arbitrary
units, auxiliary gas at 10, spray voltage at +3.5 kV, capil-
lary temperature at 320°C, and auxiliary gas heater tempera-
ture at 300°C. An inclusion list was used to monitor targeted
DNA adducts. Each injection comprised a full scan acquired
concurrently with a parallel reaction monitoring (PRM) scan.
Full scan parameters were: 7/z range of 50-700, resolution of
45 000 (at m/z 200), automatic gain control (AGC) target of
3 x 10°, and maximum injection time (IT) of 100 ms. PRM
settings included a resolution of 17 500, AGC target of 1 x
10%, maximum IT of 50 ms, loop count of 6, and an isolation
window of 1 m/z.

Results

Dual neutral loss scanning with equimolar '*C- and
2C-incorporated (deoxy)ribose enables sensitive
detection of low-abundance nucleosides

Uniformly-labeled [U-'3C]glucose has been used to trace RNA
modifications in bacteria and yeast. In these organism, full
13C incorporation into both ribose and nucleobase moieties
can be achieved by culturing cells over many generations in
minimal medium where glucose is the sole carbon source [48,
49]. In mammalian cells, however, the situation is more com-
plex. Ribose and deoxyribose sugars are synthesized directly
through the pentose phosphate pathway (PPP), a key route

downstream of glucose metabolism [50]. By contrast, nucle-
obase synthesis relies on multiple precursors—such as glu-
tamine, asparagine, and glycine—that are themselves derived
from glucose only after additional metabolic conversions [51,
52]. As a result, the ribose moiety incorporates the '3C la-
bel more rapidly and efficiently than the nucleobase. Achiev-
ing uniform nucleobase labeling in mammalian cells using [U-
13Clglucose is essential to avoid spectral complexity, as partial
labeling broadens the isotopic distribution of fragment ions
and reduces sensitivity for detecting low-abundance modifica-
tions. However, attaining this level of uniform labeling typi-
cally requires prolonged incubation times, which may increase
nucleobase recycling—in which RNA-derived modifications
can appear in DNA analyses, potentially leading to false pos-
itives [51, 53, 54]. To address these challenges, we decided
to selectively label a subset of the sugar moieties in cellular
DNA and RNA while minimizing nucleobase incorporation.
This approach is expected to preserve strong, well-defined iso-
topologue signals that can be confidently detected and dis-
tinguished in the mass spectrometer—an especially critical
consideration for rare or low-abundance nucleoside modifi-
cations. When cells are cultured in medium containing [U-
13Clglucose, the labeled carbon atoms are incorporated into
pentose sugars, producing heavy-labeled analogs of their na-
tive 12C forms (Fig. 1A). This metabolic labeling strategy gives
rise to two characteristic neutral loss fragments: 116 Da and
121 Da for deoxyribose, and 132 Da and 137 Da for ribose.
In the chromatogram, these pairs produce distinct MRM tran-
sitions with identical retention times—specifically, [M + H|*
- [M-116+H]Tand[ M+ 5+H] " — [M+5-121+H]
* for deoxyribonucleosides and [M + H]" — [M - 132 + H]
Tand [ M+5+H] " — [M+ 5-137 + H] * for ribonucle-
osides.

To achieve preferential labeling of sugar moieties while
minimizing isotopic incorporation into nucleobases, we opti-
mized the metabolic labeling conditions in mES cells. Cultur-
ing the cells for 48 h in medium supplemented with 20 mM
[U-3C]glucose and 5 mM [U-'2C]glucose resulted in the de-
sired partial labeling of the deoxyribose moiety in genomic
nucleosides. MS analysis revealed a distinct isotopic distribu-
tion in which the unlabeled (*Cy) and fully labeled (*3Cs) de-
oxyribonucleosides were present at nearly equal abundance,
each comprising 33%-42% of the total deoxyribose (Fig.
1B). All other partially labeled species containing 1-4 '3C
atoms in the sugar ring accounted for 19%-27%. This la-
beling pattern was consistent across all four canonical de-
oxyribonucleosides (dA, dT, dC, and dG). Notably, a small
but consistent +1 isotopologue (~4%) was also observed
in cells cultured with unlabeled glucose, and its abundance
remained largely unchanged under [U-'3Clglucose labeling
(data not shown). This suggests that the +1 species may
arise from natural isotopic background. In contrast, the +2
to +4 labeled fractions increased substantially with 13C glu-
cose, likely reflecting carbon rearrangements via the nonox-
idative PPP and the incorporation of unlabeled carbon inter-
mediates through gluconeogenesis or other metabolic fluxes
[S5]. A comparable 1:1 sugar labeling ratio (3Cs versus
12C;5) was also achieved in ribonucleosides from cellular RNA
(Supplementary Fig. S4A). Importantly, under these condi-
tions, *C incorporation into nucleobases was largely sup-
pressed. Despite the baseline presence of natural isotopic vari-
ants (ranging from 7% to 17%), over 80% of nucleobases—
excluding naturally occurring isotopes—remained unlabeled

920z Ae\ 61 uo1senb Aq £//G618/55 | Be)B/G/pG/ /8100 e/ 1BU/WO0D dnoolwapede//:sdly Wwoll papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag155#supplementary-data

6 Rongetal

A
e 4 t
ey 0 o'||! o OH 0"I|!'°' o
| — =D - o ,
Yo N L &« R @ T Deoxyribonucleotid DNA
OH —_ —> (o} > 4 e | Tl Tl i > eoxyribonucieotides —>
1 i —
ou\'_/ | O ' 1 0=p=0=p=0~ (dNTPs)
¥ OH OH O oM 1
OH o o
Glucose Ribose-5-phosphate 5-phosphoribosyl-1-pyrophosphate (PRPP)
B D E
13 T T | T
G B B B Ry FE N
” . 3 = “01-‘ 4x104} ‘ ‘ 3)(103. | } q i
@ 3 R 8 B =G 2 \ | 2 ! |
g . N H s ‘
E = | 8 3x104} ‘ ‘ g \ !
g || 5 | \ 5 2x10°p | \
< 50% [ ; | | i N |
5 i —i 2 2x104F \ ‘ 3 \ ‘
B =1 1= 2 | \ g ] ||
& . = i | € 1x10°p ‘ |
% s 2 = 1x104} ‘ :
<~ 3 9 = | | /_
& \ | f [ \ON
0% P s ) - Y S 0 |
dc dT dA dG 94 9 9ls 100 102 104 -
\ \
C 4 | |
6x10%
100% |- ¢ T z G i ‘I } stagzlcard 4
TEZ @2 T/ T} =% | 6x10°p
= m
L - = o 2 | £
8 75%| % 7 = - 3 axi0tp ‘ g
K o = =
< 50%f é 2 2
s ) 2 2x10% £
= = X o -
3 2x10%k
C 25%f
0% 0 & . 0 M
[U-"Clglucose - + - + - + -+ 94 96 98 100 102 104 38 40 42 44

Retention Time (min) Retention Time (min)

Figure 1. Metabolic labeling of cellular DNA with [U-"3Clglucose for high-sensitivity detection of modified nucleosides. (A) Schematic of '°C
incorporation into the ribose moiety of nucleotides via cellular metabolism of [U-"*Clglucose. The generated '*C-labeled pentose sugars are incorporated
into PRPP, which serves as a precursor for dNTP biosynthesis. Orange dots denote '*C atoms. (B) Approximate 1:1 ratio of fully *C-labeled ("3Cs,
orange) and unlabeled ('*Cq unfilled) deoxyribose species in genomic DNA from mES cells fed with a mix of [U-"*Clglucose and [U-">Clglucose. Bar
plots depict the distribution of deoxyribonucleosides (dC, dT, dA, dG) with sugar moieties containing 0, 1-4, or 5 '*C atoms, representing unlabeled
(unfilled), partially labeled (light orange), and fully labeled (orange) species, respectively. Only the proportions of the '°Cy and '°Cjs fractions are shown,
as these are essential for downstream isotopic pairing analysis. Data represent the mean of three independent biological replicates, with error bars
indicating standard error of the mean. (C) DNA nucleobases in mES cells remained largely unlabeled upon feeding with [U-'3Clglucose. Unfilled bars
represent the natural isotopic distribution of nucleobases in dN from cells cultured with [U-'2Clglucose, while hatched bars show the isotopologue
distribution of nucleobases in *Cs-labeled dN from [U-"3Clglucose-cultured cells. Bar heights indicate relative abundance. The increase in light orange
bars under [U-3Clglucose conditions reflects '°C incorporation into the nucleobase portion of ¥Cs-labeled dN. (D, E) High-sensitivity detection of 5fC
(D) and 5caC (E) nucleosides in genomic DNA from mES cells. Overlaid extracted ion chromatograms (EIC) from RPLC analysis display the '*Cs-labeled
(orange) and unlabeled (black) species. lon transitions (precursor — fragment) are displayed in the top-right corner. Peaks from authentic standards
(blue) are shown below as reference. Genomic DNA was isolated from WT mES cells cultured for 2 days in medium containing 20 mM [U-"3Clglucose

and 5 mM [U-"?Clglucose.

(Fig. 1C and Supplementary Fig. S4B). We further validated
this strategy in HEK293T cells (Supplementary Fig. S4C),
demonstrating that this metabolic labeling approach is robust
and adaptable with proper culture adjustments for prolifera-
tive cell lines. This predominant sugar labeling, together with
balanced peak intensities between light- and heavy-labeled de-
oxyribonucleosides, facilitates parallel detecting of both iso-
topologue species.

To evaluate the sensitivity of this ribose-favored labeling
strategy in the context of MRM screening, we focused on
two rare DNA modifications—5fC and 5caC—which occur
at an estimated frequency of 1 in 10°-107 nucleotides in
mES cells [20]. While 5fC has been occasionally reported
in untargeted MS workflows [29], reliable detection of these
rare modifications—especially 5caC—remains limited. Using
MRM, we set the Q1 isolation window to 1.0 Da and scanned

precursor ions from m/z 226.1 to m/z 380.1 in 1.0 Da incre-
ments. Product ions ranging from m/z 110.1 to m/z 264.1
were monitored in Q3, covering a total detection range of
~150 Da. Common nucleosides (A, T, C, G) were excluded
from data collection to reduce background. With 10 pg of
input DNA per injection, QqQ-MS was able to screen this
range at unit resolution, specifically targeting neutral losses
of 116 and 121 Da. This approach successfully captured dis-
tinct ion pairs corresponding to 5fC and ScaC, with light and
13Cs-labeled forms co-eluting at identical retention times and
displaying comparable intensities (Fig. 1D and E). These re-
sults demonstrate that our (deoxy)ribose-labeling strategy en-
ables sensitive, untargeted detection of rare nucleosides at con-
centrations as low as 1 ppm in MRM mode. The method is
broadly applicable for discovering novel or trace DNA modi-
fications.
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To assess the performance of our metabolic-labeling work-
flow on HRMS platforms, we profiled DNA modifications
on a TripleTOF 6600+, using both SWATH acquisition and
DDA-MS?. Using the NumoFinder search library, a panel
of known cytosine modifications, including 5fC and 5caC,
was readily identified in mixed deoxynucleoside standards,
demonstrating that the spectral library and analysis work-
flow were capable of detecting these modifications under con-
trolled conditions. In contrast, when applied to genomic DNA
isolated from mES cells, only the high-abundance modifica-
tions SmC and ShmC were consistently detected, whereas 5fC
and ScaC were not observed. Consistently, during DDA-MS?
data processing, even when the mass tolerance for neutral-
loss searching was relaxed to 50 ppm, 5fC and 5caC re-
mained undetectable. To exclude the possibility of false nega-
tives, we further expanded the retention time window to 42
min and relaxed the mass tolerance to +0.05 Da. Even under
these permissive conditions, no putative signals correspond-
ing to 5fC or 5caC were observed, whereas only the high-
abundance modifications SmC and ShmC were detectable
(Supplementary Fig. S5). Published high-resolution datasets,
including S462 cells analyzed on a ZenoTOF 7600+, simi-
larly reported no detectable 5fC or 5caC despite substantial
ShmC levels [45]. Collectively, these results demonstrate that
MRM offers superior sensitivity for unbiased pre-screening of
extremely low-abundance nucleosides, and therefore we con-
ducted subsequent discovery-oriented screening on this plat-
form.

13C-(deoxy)ribose labeling enables discrimination
of exogenous nucleosides

Commercially available enzymes, such as nucleases and phos-
phatases used for DNA and RNA digestion, are often de-
rived from bacterial sources. As a result, noneukaryotic nu-
cleoside species from bacterial genomes may be inadvertently
introduced during sample preparation, potentially confound-
ing LC-MS/MS analyses [56]. For instance, nucleosides such
as SmC, 3-methylcytosine, 4mC, and 6mA are frequently de-
tected in enzymatic digests, yet such modified species cannot
conclusively establish their presence in eukaryotic genomes
[8]. To address this issue, we leveraged '3C-labeling of (de-
oxy)ribose through the nucleotide synthesis pathway in mam-
malian cells, stabilizing the >2C/*3C ratio of canonical nucle-
osides at ~1. This internal reference ensures that bona fide
endogenous modifications exhibit the same isotopic ratio. In
contrast, modifications deviating from this ratio are likely ar-
tifacts introduced post-lysis, such as contaminants from en-
zymatic reagents. This strategy substantially improves the fi-
delity of modification detection by distinguishing genuine cel-
lular nucleosides from exogenous contaminants.

To validate this approach, we cultured mES cells lack-
ing DNMTs Dnmtl, Dnmt3a, and Dnmt3b (Dnmt TKO)
in [U-'3C]glucose and performed MRM scans to construct
global modification profiles. After removing isotope-related
and metal ion-associated species, we identified 130 and 196
transitions with neutral loss of 116 Da on RPLC and HILIC
columns, respectively (Supplementary Tables S1 and S2).
However, many transitions lacked corresponding !3C-labeled
peaks or showed significantly skewed labeling ratios (>1.5
or < 0.5), suggesting they were false positives arising from
nondeoxynucleosides or noneukaryotic sources (Fig. 2A and
B). For example, although Dnmt TKO cells are expected to

lack genomic SmC, we detected residual unlabeled SmC peak
at ~1 per 10° dC. Notably, no matching '*C-labeled SmC
peak was observed at the same retention time, indicating
that the SmC peak is artifact, likely introduced via commer-
cial reagents (Fig. 2C) [56]. After rigorous scrutiny to elim-
inate such artifacts, only 23 and 41 putative modified de-
oxynucleosides were retained as true positives on the RPLC
and HILIC columns, respectively (see the final columns of
Supplementary Tables S1 and S2; see Supplementary Table S3
for the overlap between RPLC and HILIC analyses), yielding
feature sets that are highly enriched for genuine endogenous
nucleoside modifications. The false-positive issue originates
primarily from non-nucleoside species or exogenous nucleo-
sides introduced during sample collection and handling and
are not unique to triple quadrupole-based workflows. Indeed,
we observed comparable examples on the HRMS platform
(Supplementary Fig. S6). For instance, ion pairs such as m/z
221.1159—105.0685 and 315.1543—199.1070 show a neu-
tral loss of 116.0473 Da consistent with a deoxyribose moi-
ety; however, the absence of the corresponding +5 Da iso-
topically labeled counterparts unambiguously indicates that
these species are exogenous contaminants or non-nucleoside
molecules. Because the source of such signals lies upstream of
MS acquisition, their occurrence is independent of the mass
spectrometric resolution applied.

One particularly debated DNA modification is 6mA, whose
reported levels in mammalian cells span a wide range—from
1 to 8000 ppm—across various cell types and developmental
stages, including mES cells and pig embryos [14-16]. Some
studies have proposed that the detected 6mA may actually
stem from misincorporation of ribonucleoside into DNA [51,
53, 54]. However, our analysis did not support the existence of
endogenous 6mA in the mES genome, as suggested by the ab-
sence of '3Cs-labeled 6mA peak (Fig. 2D). Although the label-
ing strategy does not capture misincorporation events directly,
our findings are consistent with recent studies that question
the existence of 6mA in mammalian DNA [19, 20, 57]. Im-
portantly, the peak intensity of the unlabeled 6mA peak was
comparable to that of authentic 5fC in WT cells, emphasizing
the risk of misinterpreting such artifacts as genuine epigenetic
marks. Our approach therefore addresses a key limitation of
enzyme-based assays, which cannot definitively determine the
cellular origin of 6mA [56]. Even under untargeted conditions,
where sensitivity is inherently reduced, our method reliably
confirms the absence of endogenous 6mA at ppm levels, align-
ing with prior HRMS studies [20, 57].

A similar pattern was observed in RNA modification
profiling, where nearly half of the species failed to meet
the criteria of co-detection of both unlabeled and labeled
peaks (Supplementary Fig. S7A and B, and Supplementary
Tables S4 and S5). Notably, certain RNA modifications
showed column-specific detectability—for example, N’-
methylguanosine (m’”G) was observed only on the RPLC col-
umn, while ribosylinosine (rI) was exclusively detected on
the HILIC column (Supplementary Fig. S7C and D). This
highlights the complementary strengths of the two separation
methods for achieving comprehensive modification coverage
[58].

In summary, our (deoxy)ribose-labeling strategy enables
clear discrimination between endogenous and exogenous nu-
cleosides, significantly reducing false positives and allowing
for untargeted detection of authentic DNA and RNA modifi-
cations with high sensitivity and reliability.
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Figure 2. '®C-labeling of deoxyribose enables discrimination of false-positive species in DNA modification analysis. (A, B) Filtering of candidate
noncanonical nucleoside hits (blue) from mouse genomic DNA to remove the false positives (red). MRM transition maps show precursor-to-fragment ion
pairs with a characteristic neutral loss of 116 Da. Genomic DNA was extracted from Dnmt triple knockout (TKO) mES cells, analyzed using either RPLC
(A) or HILIC (B) columns. Cells were cultured for 2 days in medium containing 20 mM [U-"3Clglucose and 5mM [U-'2Clglucose. Data are presented as
bubble plots, with the x-axis representing the mass-to-charge ratio (m/2), the y-axis denoting retention time, and the size of each circle corresponding to
the ion intensity relative to deoxyadenosine +2 (254.1—138.1) to correct for injection variability. The four canonical DNA nucleosides are excluded for
clarity. Blue circles represent dN ions detected in both unlabeled and '®Cs-labeled forms (classified as true), while red circles indicate ions observed only
in the unlabeled form (classified as false). Data are representative of three independent experiments. (C, D) Identification of false-positive calls
exemplified by 5mC (C) and 6mA (D) in genomic DNA from Dnmt TKO mES cells. Overlaid EIC from RPLC analysis for '*Cs-labeled (orange) and
unlabeled (black) species. Peaks from authentic standards are shown below as reference. lon transitions are shown at the top right of each panel. The

y-axis represents MS signal intensity, and the x-axis shows retention time.

Dual neutral loss scan reveals novel adducts in
FA-treated genomic DNA

Given that unit-resolution mass analyzers such as quadrupoles
and ion traps can only resolve mass differences of 0.5-1 Da,
loss of 116 Da or 132 Da alone is insufficient to unambigu-
ously assign the compound as a deoxyribonucleoside or ri-
bonucleoside. To overcome this limitation, we incorporated
stable isotope labeling, such that true sugar-containing species
would produce paired neutral losses—116/121 Da for de-
oxyribose and 132/137 Da for ribose—corresponding to unla-
beled and 3 Cs-labeled forms, respectively. To support this in-
terpretation, we consulted the Beynon table and applied chem-
ical valence rules to infer plausible molecular formulas. The
observed neutral losses of 116 and 121 Da are consistent with
CsHgOj3 (deoxyribose) and CsHy 2N, O, respectively, while the
132 and 137 Da losses match formulas such as CsHgOy4 (ri-
bose), CsH1,N,O», and CsH4N4. While some of these for-
mulas match known nitrogen-containing metabolites (e.g. cre-
atinol, argininic acid, spermidine), their biosynthesis involves
nitrogen—carbon rearrangements and degradation of the glu-
cose backbone, which substantially limits the likelihood of
full 13Cs incorporation within the short labeling window of
our experimental design. Therefore, the most parsimonious
and biochemically plausible interpretation is that the paired
neutral losses of 116/121 Da and 132/137 Da reflect light
and heavy deoxyribose and ribose moieties, respectively. Al-
though QQQ-MS lacks the mass accuracy and structural res-
olution of HRMS, our QQQ-based paired neutral loss MS
workflow provides a high-sensitivity, isotope-resolved screen-

ing platform. By selectively detecting molecules that show
both light and heavy sugar losses, it enables confident assign-
ment of (deoxy)ribose-containing candidates, which can then
be structurally characterized using HRMS or nuclear magnetic
resonance (NMR).

To demonstrate the utility of this isotope-labeling strat-
egy in identifying both known and novel nucleoside modi-
fications, we applied our method to investigate FA-induced
DNA adducts. FA, a ubiquitous reactive metabolite gen-
erated during cellular metabolism, is known for its elec-
trophilic reactivity and propensity to form DNA adducts,
particularly NZ2-hydroxymethylguanine (2hmG) and N¢-
hydroxymethyladenine (6hmA) in vivo [59, 60]. In vitro stud-
ies have revealed a broader array of adducts, prompting
the development of diverse MS-based approaches—including
constant neutral loss (CNL), data-dependent, CNL triggered
MS? (DDA-CNL-MS?3), and DDA-CNL-MS?>—to character-
ize FA-induced lesions [46]. Using our dual-isotope labeling
strategy, we analyzed mES genomic DNA treated with FA
or PBS. A total of 40 and 60 ion pairs were identified in
RPLC and HILIC modes, respectively, from the PBS group,
with an additional 45 and 60 ions detected in the FA-treated
group (Fig. 3A and B, and Supplementary Table S6). Cross-
referencing with previously reported adducts confirmed that
our method reliably captured all known monoadducts de-
tected by earlier HRMS-based approaches [46], and crucially,
also uncovered several novel candidates. Among these were
putative structures such as 3-hydroxymethyl-thymine (m/z
273; Supplementary Fig. S8A), N*-ethoxymethyl-cytosine

920z Ae\ 61 uo1senb Aq £//G618/55 | Be)B/G/pG/ /8100 e/ 1BU/WO0D dnoolwapede//:sdly Wwoll papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag155#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag155#supplementary-data

Metabolic isotopic labeling for profiling nucleic acid modifications 9

A B
o O © Relative Intensity C& oo e) etafive Intensity
O 8 ® )
/ o 1e-05 P OO o 1e-04
350] O OO O Q@ 8 1::8;‘ 950 @@b} @ o O O 1e-03
00 a® ~ 00 o O
& O 30 o@©® o 9
g Oop Q o FA g % O 08 &
E 3001288172 o (©—2me o PBS =300 C)p B ome © ©
o Dse. 00 O Q o = R "
- 22115613 @ OQ o
6 0 @ 6hm@0 ( —9%2.1-156.1 (0]
5h%) @\ . Osc o~ O G@é@@—zss.1-14z.1 () 5eaC
250 5mCQ}58-1'142.1 250 5fC OSmC 5hmC
O O o}
0 5 10 15 20 25 0 5 10 15 20 25
Retention Time (min) Retention Time (min)
C D E
1.0x10" 4x10°
' — 258.1-142.1 8.0x10 F — 272.1-156.1 — 288.1-172.1
- 263.1-142.1 = 277.1-156.1 293.1-172.1
- 8.0x10°f &
2 4l 3x10
5 6.0 x10
8 6|
g 6.0x10 \
= 4
= 6 4010 [ Sl
2 4.0x10°f |
[ o} | |
@ /J 4 3 A /
c [ | | \ ‘
= 20x10°%f / 2.0x10 11071
/ 0\ A
0.0 Eo——— N g S—— 0.0 E==mpe— e —— 0 " s s
30 35 40 45 50 55 6.0 68 70 72 74 76 48 49 50 51 5.2

Retention Time (min)

Retention Time (min)

Retention Time (min)

Figure 3. Profiling FA-induced DNA adducts by isotope-assisted MRM scan. (A, B) Adductome maps of deoxynucleosides hydrolyzed from mES
genomic DNA treated with 25 mM FA (teal circles) or PBS (blue circles). Cells were cultured for 2 days in medium containing 20 mM [U-"3C]glucose and
5 mM [U-"2Clglucose prior to DNA isolation. LC-MS analyses were performed using RPLC (A) and HILIC (B) columns, respectively. Each circle
represents a dN ion detected in both unlabeled and ®Cs-labeled forms, with retention time plotted on the X-axis and m/z of the precursor ion on the
Y-axis; circle size reflects the relative abundance (normalized to 5mC). Fully overlapping circles indicate nucleosides detected at comparable levels in
both FA-treated and PBS groups—such as 5hmC, 5fC, and 5caC—with identical retention times. Circles aligned at the same retention time but differing
in size denote nucleosides whose abundance is altered by FA treatment, such as 2hmG and 6hmA. Canonical nucleosides are excluded from the plots.
(C-E) EIC of putative DNA modifications with co-eluting "*Cs-labeled (orange) and unlabeled (black) peaks. Each panel shows a distinct candidate adduct,
with precursor ion m/z values of 258 (unlabeled) and 263 ('*Cs-labeled) in panel (C), 272 and 277 in panel (D), and 288 and 293 in panel (E). lon
transitions are displayed in the top-right corner of each panel. The x-axis denotes retention time, and the y-axis shows MS signal intensity. The presence
of paired isotopologues with a 5 Da shift and overlapping retention times confirms these as genuine modified deoxynucleosides.

(mlz 286; Supplementary Fig. S8B), NC°-ethoxymethyl-
N¢-methyl-adenine (m/z 324; Supplementary Fig. S8C),
and NZ-ethoxymethanol-hydroxymethyl-guanine (m/z 372;
Supplementary Fig. S8D and Supplementary Table S6),
demonstrating the platform’s potential to identify previously
uncharacterized FA-induced DNA adducts.

Interestingly, while most previously reported monoadducts
predominantly occur on adenine bases [46], our analysis
revealed multiple adducts on cytosine and its epigenetically
modified derivatives. These included N*-hydroxymethyl-
cytosine  (4hmC, m/z 258), N*-hydroxymethyl-SmC
(4hmSmC, m/z 272), and N*-hydroxymethyl-ShmC (dihmC,
m/z 288) (Fig. 3C-E). To confirm the identities of these
adducts, we synthesized in-house standards by reacting
FA with deoxynucleosides dC, 5SmdC, and 5hmdC, along
with their isotopically labeled counterparts (Nj3-dC,
5N,,BC-5mdC, and D3-ShmdC) [31, 46]. These stan-
dards were analyzed using LC-QqQ-MS, and their identities
were validated through EPI-MS? fragmentation spectra
(Supplementary Fig. SO9A-F). Parallel analysis of FA-treated

genomic DNA by high-resolution PRM confirmed the pres-
ence of molecular ions with exact masses of 272.12476 and
288.11902, consistent with 4hm5SmC and dihmC, respec-
tively (Fig. 4A-D). Furthermore, the MS?> fragmentation
patterns of these ions matched those of the corresponding
synthetic standards, and comparable spectra were also cap-
tured by LC-QqQ-MS (Supplementary Fig. S9G and H).
Notably, the N*-hydroxymethyl adduct 4hm5mC, previously
detectable only by NMR [31] or high-resolution Orbitrap
MS [46], and dihmC, reported solely at the mononucleotide
level [31], were both successfully identified in genomic DNA
using our low-resolution MS (LRMS) platform.

These hydroxymethyl adducts are known to be unstable
due to the reversible nature of Schiff base formation between
FA and the primary amines on nucleobases. Prior studies have
shown that the monophosphate form of 4hmdC degrades
more rapidly than those of 2hmdG and 6hmdA [31], indi-
cating that 4hmC is inherently unstable and prone to loss
during sample processing. This aligns with our observation
that 4hmC was 5.5-fold more abundant in RPLC than in
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Figure 4. Structural characterization of modified deoxynucleosides from FA-treated genomic DNA with m/z 272 and 288 by high-resolution MS. (A, B)
EIC (A, top) for ions within the m/z range 272.0000-272.2000, showing a base peak at m/z 272.12476. The corresponding MS? spectrum (A, bottom)
displays the fragmentation pattern with proposed structures for each fragment. The inferred chemical structure is illustrated in panel (B). (C, D) EIC (C,
top) for ions within the m/z range 288.0000-288.2000, highlighting a base peak at m/z 288.11902. The MS? spectrum (C, bottom) shows the
fragmentation pattern and corresponding fragment structures, with the deduced structure shown in panel (D). Hydroxymethyl groups located at the N4
position of 5mC and 5hmC are indicated in blue. Proposed chemical structures were deduced based on the accurate masses of characteristic fragment
ions. MS was performed using high-resolution PRM mode on hydrolyzed genomic DNA treated with FA.

920z Ae\ 61 uo1senb Aq £//G618/55 | Be)B/G/pG/ /8100 e/ 1BU/WO0D dnoolwapede//:sdly Wwoll papeojumoq



Metabolic isotopic labeling for profiling nucleic acid modifications 11

HILIC mode, presumably due to the reduced sample handling
time associated with RPLC (Fig. 3A and B). We hypothesized
that 4hmSmC and dihmC might exhibit similar instability
and assessed their half-lives using our in-house standards by
UPLC. The calculated half-lives were 204.4 min for 4hmC,
16.5 min for 4hm5SmC;, and 25.1 min for dihmC, respectively
(Supplementary Fig. S10A-C), confirming their inherent insta-
bility and the technical challenge they pose for detection and
quantification.

Our results highlight that even with LRMS, the use of iso-
topic dual labeling enables the confident recognition of true
nucleoside-derived ions—not only for known modifications
validated by their respective standards, but also for novel
modified species whose nucleoside origin was subsequently
confirmed by HRMS. This underscores the potential of our
approach as a sensitive initial screening strategy for uncover-
ing previously uncharacterized or labile DNA modifications.

Discussion

The discovery of novel nucleoside modifications offers valu-
able opportunities to gain insights into fundamental biological
processes and disease mechanisms. Existing detection strate-
gies generally fall into two categories: modifying enzyme-
guided approaches and untargeted modification profiling.
Enzyme-guided methods rely on known enzymatic pathways,
often identifying modifications related to established ones
due to the conserved nature of enzyme superfamilies across
species. In contrast, untargeted profiling offers the potential
to uncover entirely new modifications but demands stringent
sample preparation and detection protocols to mitigate arti-
facts and false positives. In this study, we introduced a dual
neutral loss strategy that integrates [U-'3C]glucose metabolic
labeling with untargeted MRM-MS. Culturing mouse ES cells
with an optimized mixture of [U-3C]glucose and natural '2C-
glucose enabled near 1:1 labeling of the (deoxy)ribose moiety
in genomic DNA. This isotopic pairing allowed the differenti-
ation of endogenous nucleosides from contaminants, increas-
ing the confidence in assigning genuine nucleoside features.
Streamlined sample preparation further reduced processing-
induced artifacts such as oxidation (e.g. 8oxo-dG) and deam-
ination (e.g. dU). Finally, the use of complementary RPLC and
HILIC columns improved resolution of co-eluting species, as
demonstrated by the selective detection of certain modifica-
tions: m7G on the RPLC column and rI on the HILIC column.

Leveraging this newly developed metabolic (deoxy)ribose-
labeling approach, we uncovered several previously unre-
ported FA-induced DNA adducts. These include dihmC,
whose structure was validated by HRMS, as well as
3-hydroxymethyl-thymine, N*-ethoxymethyl-cytosine, N°-
ethoxymethyl-N°-methyl-adenine, and N?-ethoxymethanol-
hydroxymethyl-guanine. Notably, while standard base dam-
age often resolves to canonical forms (e.g. 80x0-dG repair-
ing to dG), damage to epigenetic modifications like 4hm5SmC
and dihmC may result in epigenetic information loss, poten-
tially leading to more profound biological consequences. Sup-
porting this idea, a recent study demonstrated that alkylation
damage to SmC, forming eSmC, can inactivate both glycosy-
lases and epigenetic enzymes [61], amplifying the detrimen-
tal effect on epigenetic modifications. Additionally, FA ex-
posure has previously been reported to induce epigenetic al-
terations by inhibiting the activity of S-adenosylmethionine
synthase isoform type-1 (MAT1A), thereby limiting the cel-

lular methyl donor pool [62]. In addition to this indirect
mechanism, our findings reveal a complementary and poten-
tially more direct pathway: FA can also disrupt the epigenetic
landscape by chemically modifying DNA bases that contain
epigenetic modification. This direct reactivity with modified
nucleobases—such as SmC and its oxidized derivatives—not
only alters their chemical structure but may also interfere with
the recognition and processing by reader, writer, and eraser
proteins, thereby contributing to aberrant epigenetic regula-
tion following FA exposure.

The MRM-based screening has been widely employed in
adduct detection due to its high sensitivity [63, 64], and holds
great potential for untargeted discovery of DNA and RNA
modifications. Various forms of isotopic labeling have been
integrated into MRM workflows. Notably, previous studies
have utilized in vivo labeling of nucleotides with " NH,4Cl or
[U-3Clglucose in Escherichia coli and Saccharomyces cere-
visiae, enabling the detection of nucleoside modifications by
replacing all nitrogen or carbon atoms within the nucleoside
backbone [48, 49, 65]. These strategies rely on co-analysis of
labeled and unlabeled samples, where candidate modifications
are identified based on co-elution and characteristic mass dif-
ferences of the labeled isotopomers. Such approaches have
opened new avenues for identifying previously uncharacter-
ized nucleoside structures. Inspired by these microbial label-
ing strategies, we adapted and simplified this concept for ap-
plication in mammalian cells. Specifically, we mixed the regu-
lar glucose in the culture medium with uniformly labeled [U-
13Clglucose, enabling the incorporation of '3C into the (de-
oxy)ribose moiety of endogenous nucleosides at a 1:1 ratio of
13Cs to 2Cs. This approach achieves selective labeling with-
out perturbing global cellular metabolism and is particularly
compatible with mammalian cells, where full nucleotide re-
placement is often impractical. Because only the ribose moi-
ety is labeled, the resulting isotopic signature remains simple
and avoids the analytical complexity often introduced by base
labeling. By focusing on the (deoxy)ribose unit as a labeling
handle, our method facilitates the discrimination of endoge-
nous nucleosides from exogenous artifacts through isotopic
pairing. Importantly, this authenticity check is achieved within
a single sample, eliminating the need for separate labeled and
unlabeled controls.

Our approach has several limitations. First, while the glu-
cose labeling strategy is generally applicable to mammalian
cells with active pentose phosphate metabolism, its efficiency
may be limited in organisms with reduced or alternative ri-
bose synthesis pathways, such as certain obligate parasites or
bacteria lacking key pentose phosphate pathway enzymes. For
such cells, labeling strategies must be tailored to their specific
metabolic pathways. The labeling duration and concentration
of [U-13C]glucose used for labeling also depend on specific cell
line and cell culture conditions. Second, effective DNA label-
ing depends on DNA replication; therefore, cells that are not
actively undergoing the cell cycle, such as terminally differen-
tiated tissue cells, cannot be efficiently labeled. Furthermore,
the MRM-MS method primarily analyzes base modifications
following the loss of neutral ribose, limiting the detection of
modifications on the sugar moiety. Thus, exploring modifica-
tions on the deoxyribose moiety in nucleic acids will require
the development of alternative labeling strategies and MS con-
figurations.

In conclusion, novel DNA modifications likely occur at low
abundance, and existing detection workflows face challenges
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related to specificity, sensitivity, and processing artifacts. By
combining the high sensitivity of MRM-MS with the speci-
ficity provided by (deoxy)ribose-isotope labeling and stream-
lined sample preparation, we present a robust and efficient
platform for untargeted profiling of DNA and RNA modifi-
cations. This approach offers a promising framework for dis-
covering novel nucleoside modifications.
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